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Short-Range Cell Interactions and Cell
Survival in the Drosophila Wing
in small clusters of cells in the developing wing disc,
suggesting that local cell interactions may play an im-
portant role in the decision of cells to die (Mila´n et al.,
Marco Mila´n, Lidia Pe´rez, and Stephen M. Cohen1
European Molecular Biology Laboratory
Meyerhofstr 1
1997). Activities of several signal transduction pathways69117 Heidelberg
are required for cell survival during imaginal disc devel-Germany
opment. EGF receptor signaling through the ras/raf/
MAPK pathway is required for cell survival and growth
in all cells of the imaginal discs (Diaz-Benjumea andSummary
Garcı´a-Bellido, 1990; Diaz-Benjumea and Hafen, 1994).
Signals mediated by the ras/raf/MAPK pathway mayDuring development of multicellular organisms, cells
work to restrain activity of the cell death-promoting pro-are often eliminated by apoptosis if they fail to receive
tein HID (Bergmann et al., 1998, 2002; Kurada and White,appropriate signals from their surroundings. Here, we
1998). Notch activity is also required for imaginal discreport on short-range cell interactions that support
cell survival (de Celis and Garcia Bellido, 1994). Thecell survival in the Drosophila wing imaginal disc. We
basis for this requirement is not well understood. Never-present evidence showing that cells incorrectly speci-
theless, it is thought that the transcription factor Sup-fied for their position undergo apoptosis because they
pressor of Hairless may repress expression of a genefail to express specific proteins that are found on sur-
required for cell survival in the absence of low levels ofrounding cells, including the LRR transmembrane pro-
Notch activity (Furriols and Bray, 2000).teins Capricious and Tartan. Interestingly, only the ex-
Region-specific requirements have been observed fortracellular domains of Capricious and Tartan are
the Wingless and Dpp signaling pathways. Cells unablerequired, suggesting that a bidirectional process of
to transduce the Wingless signal survive poorly in re-cell communication is involved in triggering apoptosis.
gions of the imaginal discs where cells normally experi-We also present evidence showing that activation of
ence high levels of Wingless signaling (e.g., Peifer et al.the Notch signal transduction pathway is involved in
[1991]; Neumann and Cohen [1996]). In the wing disctriggering apoptosis of cells misspecified for their dor-
this may be due to failure to express the nuclear proteinsal-ventral position.
Vestigial, which is required for cell survival in the wing
pouch (Simpson et al., 1981; Kim et al., 1996; Liu et al.,Introduction
2000). Likewise, cells unable to transduce the Dpp signal
survive poorly in the medial region of the wing, whereApoptosis is widely used in animal development to re-
Dpp signaling levels are normally high (Burke and Basler,move excess or unwanted cells and to sculpt tissues.
1996). Overactivation of the Dpp pathway has also beenCells are often overproduced in development. Excess
shown to cause cell death laterally, and this has beencells can be triggered to die due to the lack of survival
linked to activation of the JNK pathway (Adachi-Yamadacues (reviewed by Raff [1992]). Survival cues may be
et al., 1999).provided by signaling proteins secreted by target cells
The observation that loss of cells with defects in Wing-or can be mediated by direct cell-cell contact. Excess
less and Dpp signal transduction depends on their posi-cells can be eliminated by competition for limiting
tion within a tissue raised the possibility that cell survivalamounts of survival factors, as in the case of oligoden-
depends on short-range interactions with neighboringdrocytes in the rat optic nerve. Several studies have
cells. This prompted us to explore the role of specific
implicated the Drosophila EGF-receptor ligands Vein
cell surface proteins in supporting survival of cells in
and Spitz in providing survival cues in the retina and to
the imaginal disc. We made use of transcription factors
subsets of glia in the embryonic central nervous system that control cell identity in the wing disc to produce cells
(Miller and Cagan, 1998; Hidalgo et al., 2001; Bergmann inappropriately specified for their position. These cells
et al., 2002). Cells that are mispositioned due to develop- lack surface proteins found on neighboring cells and
mental errors can also be eliminated due to failure to undergo apoptosis. In cases where the surrounding cells
receive cues that tell them they are in the correct loca- express the LRR proteins Capricious and Tartan, these
tion, as in the case of mammalian primordial germ cells. proteins can prevent apoptosis of the misspecified cells.
Although much has been learned about the effector Interestingly, only the extracellular domains of Capri-
mechanisms that mediate apoptotic cell death during cious and Tartan are required, suggesting that their ac-
development (reviewed in Meier et al. [2000]), relatively tivity is mediated by feedback interactions with adjacent
little is known about how cell survival decisions are cells. We also present evidence that implicates Notch
made during development of most organs and tissues signaling in the apoptotic response. When cells are
(reviewed in Conlon and Raff [1999]). specified incorrectly with respect to their dorsal-ventral
The imaginal discs of Drosophila provide a genetically position, Notch signaling is activated. Suppression of
tractable system in which to examine the role of cell Notch activation prevents apoptosis of these cells.
death control during growth and patterning. Interest- These observations support the proposal that short-
ingly, it has been observed that apoptosis often occurs range cell interactions provide cues that support cell
survival during development. Cells unable to participate
in these interactions are eliminated. This mechanism1Correspondence: cohen@embl-heidelberg.de
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Figure 1. Medial-Lateral Cell Affinities Due to Spalt, Caps, and Tartan
(A) Wild-type third instar wing imaginal disc labeled to visualize Spalt protein (blue), Caps protein (green), and a tartan-lacZ reporter gene
(antibody to -gal, red). Caps and tartan-lacZ are expressed at very low levels in the Spalt expression domain and at higher levels laterally.
(B) Clones of cells lacking the spalt-major and spalt-related genes marked by the absence of GFP (green). tartan-lacZ (red) was ectopically
expressed in the mutant clones (arrows).
(C) spalt-major and spalt-related mutant clones near the center of the disc showed smooth edges and round shapes (arrows) compared to
clones located laterally in the Caps and Tartan expression domain (arrowheads).
(D) Wild-type clones marked by the absence of GFP were elongated and had irregular borders, except where they met the AP or DV boundaries.
(E) GFP-expressing clones were irregular in shape everywhere in the disc.
(F) Tartan- and GFP-expressing clones. Note the smooth borders of the clones and their round shapes in the center of the disc (arrows).
Lateral clones were elongated, but their borders were smoother than those of wild-type clones (arrowhead). Caps-expressing clones were
similar.
(G) Clones mutant for caps were marked by the absence of GFP and appear dark. Clone borders were irregular, except where they met the
AP or DV boundaries.
(H) Clones mutant for caps and trn were marked by the absence of GFP. Clone borders were smooth in the lateral region (arrowhead) and
irregular in the center of the disc (arrow).
(I) Histogram plotting the 4 A/L2 ratio of clones lacking GFP or spalt. All clones measured were in the wing pouch. Medial and lateral spalt
mutant clones were measured separately. GFP: 4 A/L2  0.3  0.1, n  24; medial spalt mutant: 4 A/L2  0.6  0.1, n  20; lateral spalt
mutant: 4 A/L2  0.3  0.1, n  16. Error bars show standard deviation.
(J) Histogram plotting the 4 A/L2 ratio of clones expressing GFP, Caps, or Tartan. GFP: 4 A/L2  0.3  0.1, n  24; medial Caps-expressing
clones: 4 A/L2  0.7  0.1, n  30; lateral Caps-expressing clones: 4 A/L2  0.4  0.1, n  20; medial Tartan-expressing clones: 4 A/L2 
0.7  0.1, n  29; lateral Tartan-expressing clones: 4 A/L2  0.5  0.1, n  25.
(K) Histogram plotting the 4 A/L2 ratio of clones lacking GFP and medial and lateral caps tartan double mutant clones. GFP: 4 A/L2  0.3 
0.1, n  24; lateral caps trn mutant clones: 4 A/L2  0.5  0.1, n  22; medial caps trn mutant clones: 4 A/L2  0.3  0.1, n  25.
et al., 1996; Lecuit et al., 1996; Nellen et al., 1996). Spaltconstitutes a surveillance system to eliminate misposi-
is a zinc finger transcription factor required for pat-tioned cells during development.
terning of the central region of the wing disc (de Celis
et al., 1996; Sturtevant et al., 1997).Results
The reciprocity of Spalt and Caps/Tartan expression
in third instar wing discs suggested that Spalt mightMedial Repression of the Cell Surface Proteins
repress Caps/Tartan at this stage. To address this weCaps and Tartan by Dpp Signaling
produced clones of cells lacking the spalt-major and
In second instar wing discs, the LRR proteins Caps and spalt-related genes. spalt mutant clones located medi-
Tartan are expressed in cells of the dorsal compartment ally showed ectopic expression of Caps protein and the
(Mila´n et al., 2001). During third instar, dorsal expression tartan-lacZ reporter gene (Figure 1B, arrows, and data
of Caps and Tartan decreases and new lateral expres- not shown). Ubiquitous expression of Spalt in the wing
sion domains arise (Figure 1A). The region of low Caps pouch reduced the levels of expression of Caps and
and Tartan expression in the center of the mature third Tartan in the lateral wing disc (data not shown). These
instar wing disc coincides with the domain in which Dpp results indicate that Spalt restricts expression of caps
and tartan to lateral cells in third instar wing discs.signaling induces Spalt expression (Figure 1A; de Celis
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of medial Tartan-expressing clones was 0.70.1 (Figure
1J). Medially located Caps-expressing clones behaved
similarly. Both groups were significantly rounder than
wild-type clones (p 0.001). Laterally, where the endog-
enous proteins are expressed at higher levels, the
shapes of Tartan-expressing clones were more elon-
gated, but the borders were considerably smoother than
the borders of GFP-expressing clones (Figures 1F and
1J, arrowheads). Caps-expressing clones behaved
comparably. The difference in shape between lateral
Caps- or Tartan-expressing clones and wild-type clones,
though less extreme, was also statistically significant
(p  0.01). Thus, elevated Caps or Tartan expression
caused clones to round up and reduced intermingling
with neighboring cells. The effects on clone behavior
were stronger in the center of the disc, where the differ-
ences in expression levels between the clone and sur-
rounding cells were greater than in the lateral regions,
Figure 2. Sorting Out of spalt Mutant Clones
where the endogenous proteins are expressed. Al-
(A) spalt-gal4; uas-GFP pupal wing labeled to visualize dSRF protein
though these clones rounded up in the third instar disc,(red) and GFP protein. dSRF protein is expressed at higher levels
they did not sort out from the epithelium at later stagesin intervein cells. v2–v5, longitudinal veins 2–5.
(data not shown).(B) Cuticle preparation of an adult wing with many clones mutant
for spalt-major and spalt-related. Clones were recovered laterally To assess the contribution of Caps and Tartan to cell
in D (blue) and V (red) wing surfaces. Medially, within the Spalt affinities in the lateral region of the disc, we examined
expression domain, mutant clones were recovered as vesicles that the shapes of mutant clones. caps mutant clones were
segregated from the disc epithelium (arrowheads).
irregular in shape in both medial and lateral locations(C) Higher magnification view showing a vesicle of spalt-major and
in the disc (except where clones met the AP or DV com-spalt-related mutant cells.
partment boundaries; Figure 1G). tartan mutant clones
were comparable (data not shown). In view of the highMedial-Lateral Differences in Cell Affinity
degree of similarity between Caps and Tartan, their over-Mediated by Caps and Tartan
lapping expression in the lateral disc suggested thatWe noted that spalt mutant clones differed in shape in
they might have overlapping functions. We thereforemedial and lateral regions of the wing disc (Figure 1C).
examined the shapes of clones simultaneously mutantClones located medially had smooth borders and
for caps and tartan. Double mutant clones showedtended to be rounder than their wild-type twins. Mutant
smoother borders than single mutant clones in lateralclones located laterally were more irregular in shape.
locations (Figures 1H and 1K, arrowheads). Their bor-We measured the shape of wild-type and spalt mutant
ders were significantly smoother than those of wild-typeclones using the equation 4 A/L2 (A, area; L, perimeter
clones (p  0.001). Clone borders were more irregularof the clone). For a circle, 4 A/L2  1.0. The irregularly
medially, where endogenous Caps and Tartan levelsshaped wild-type clones had a longer perimeter relative
were lower (Figure 1H). Medially located mutant clonesto their area and generated a lower value (Figure 1D;
were not significantly rounder than wild-type clonesquantitation in Figure 1I). Lateral spalt mutant clones
(Figure 1K; p  0.36). These results indicate that differ-were similar to wild-type clones. Medial spalt mutant
ences in the level of Caps and Tartan expression canclones were significantly rounder than wild-type clones
influence medial-lateral cell affinities.(p  0.001). Rounding up of clones and formation of
smooth borders are thought to reflect sorting out within
the plane of the epithelium. Indeed, as development
Apoptosis of Inappropriately Specified Lateralprogressed, these spalt mutant clones sorted out from
Cells Suppressed by Caps and Tartan Expressionthe epithelium to form vesicles of mutant tissue (Figure
Dpp signaling activity is required for cell survival in the2). Sorting out is often attributed to differences in affinity
medial region of the wing disc (Burke and Basler, 1996).between cells in the clone and the surrounding tissue
Conversely, ectopic activation of Dpp signaling has(e.g., Lawrence et al. [2000]). These results suggest that
been shown to cause cell death in lateral regions (Ada-Spalt confers a difference in cell affinity between medial
chi-Yamada et al., 1999). To examine whether the influ-and lateral cells.
ence of Dpp on cell survival is mediated through regula-To determine whether these effects on clone shape
tion of the cell surface proteins Caps and Tartan bywere mediated by ectopic expression of Caps and Tar-
Spalt, we examined clones of Spalt-expressing cells intan, we made use of the flip-out Gal4 system (Pignoni
the wing disc. Recovery of Spalt-expressing clones wasand Zipursky, 1997) to produce clones of genetically
very low outside the endogenous Spalt domain (Figuremarked cells expressing Caps or Tartan. Control clones
3A). Control GFP-expressing clones were more evenlyexpressing GFP were irregular in shape everywhere in
distributed between medial and lateral regions (Figurethe wing disc (Figure 1E; quantitation in Figure 1J). Tar-
3E; we define the endogenous Spalt domain as medialtan-expressing clones adopted round shapes in the cen-
for quantitation). Forty-two percent of GFP-expressingter of the disc, where the endogenous protein is ex-
pressed at very low levels (Figure 1F). The 4 A/L2 ratio clones were recovered in the lateral region, where Caps
Developmental Cell
800
their medial-lateral position underwent apoptosis. Inter-
estingly, restoring expression of Caps or Tartan in Spalt-
expressing clones also suppressed the loss of laterally
located clones (Figures 3C and 3E). Forty-six percent of
Spalt-expressing clones were recovered laterally when
coexpressed with Caps. Coexpression with Tartan
yielded 43% lateral Spalt-expressing clones. Taken to-
gether, these observations indicate that cells inappro-
priately specified for their medial-lateral position are
eliminated by apoptosis. Caps or Tartan is able to medi-
ate cell interactions that provide cells with the informa-
tion that they need to survive laterally. We note that
Caps and Tartan cannot be the only surface proteins
capable of mediating these interactions in lateral cells
because the double mutant clones survive laterally.
Local Nonautonomy
Caps and Tartan are transmembrane proteins that might
function as receptors to transduce information into cells
(Shishido et al., 1998; Taniguchi et al., 2000; Mila´n et
al., 2001). To determine whether their ability to support
survival of mispositioned Spalt-expressing cells de-
pends on the C termini of these proteins, we expressed
truncated versions of the proteins that retain the trans-
membrane domain but lack the cytoplasmic tail.
CapsC and TrnC were able to support clone survival
as effectively as the full-length proteins (Figures 3D and
3E). This observation suggests that their activity may
not require them to serve as conventional receptors
that transduce signals into the cell in which they are
expressed. It is possible that Caps and Tartan serve in
this context as ligands that convey information about
the identity of a lateral cell to its neighbors. Apoptosis of
the misspecified cells may therefore depend on signalsFigure 3. Apoptosis of Cells Misspecified for Medial-Lateral Po-
sition from neighboring cells. Such signals might be generated
(A) Clones of cells expressing Spalt visualized by anti-Spalt (white). by cells that fail to receive the correct cell surface cue
Clones were preferentially recovered in the endogenous Spalt do- from the misspecified cell.
main (indicated by the red double-headed arrow). The endogenous
protein is expressed at a lower level than in the clones.
Apoptosis of Cells Inappropriately Specified(B) Clones of cells expressing Spalt and p35. Clones were recovered
for DV Positionmedially and laterally. We noted that these clones were round in
To determine whether apoptosis might be a more gen-shape, indicating a difference in cell affinity between the clone and
the surrounding tissue. For GFP-expressing clones, 4 A/L2  0.3 eral response of cells unable to engage in normal inter-
0.1 and n 24. For lateral Spalt-expressing clones, 4 A/L2  0.8 actions with their neighbors, we examined the effects
0.1 and n 11. For lateral Spalt p35-expressing clones, 4A/L2  caused by producing cells with inappropriate dorsal-
0.8  0.1 and n  15.
ventral compartment identity. GFP-expressing clones(C) Clones of cells expressing Spalt and Caps were recovered medi-
were evenly distributed between D and V compartmentsally and laterally. The surviving lateral clones were also round in
(Figure 4A). Forty-eight percent were of dorsal originshape. For lateral Spalt  Caps-expressing clones, 4 A/L2  0.8 
0.1 and n 15. For lateral Spalt Trn-expressing clones, 4 A/L2  (quantitation in Figure 4G). Clones of cells expressing
0.7 0.1 and n  8. Apterous (Ap) were produced to examine the survival
(D) Clones of cells expressing Spalt and CapsC were recovered of D cells in the V compartment. Fewer than 20% of
medially and laterally.
surviving Ap-expressing clones were of V compartment(E) Histogram plotting the percentage of clones located medially
origin (Figure 4G; an apterous-lacZ reporter gene wasversus laterally. Only clones in the wing pouch were counted. Medial
used to determine the compartmental origin of theis defined as the Spalt domain. Genotypes are indicated below.
GFP-expressing clones (n  152); Spalt (n  105); Spalt  p35 (n  clones; data not shown). Half of these had sorted out
80); Spalt  Caps (n  152); Spalt  Tartan (n  102); Spalt  into the D compartment and so were in contact with
CapsC (n  114); Spalt  TrnC (n  99). other Ap-expressing cells. The remaining 10% of
clones were recovered in the V compartment. Ventral
Apterous-expressing clones were round in shape andand Tartan are expressed. In contrast, only 11% of Spalt-
expressing clones were recovered laterally. This sug- induced Wg expression at their borders (Figure 4C).
Expression of the Apterous inhibitor dLMO was used togested that Spalt-expressing clones were preferentially
lost from the lateral region. Coexpression of the viral produce cells with V identity in the D compartment. Only
30% of dLMO-expressing clones were of D compart-apoptosis inhibitor p35 with Spalt suppressed the loss
of lateral Spalt-expressing clones (Figures 3B and 3E). ment origin (Figure 4G). Most of these had sorted out into
the V compartment. Fewer than 5% of dLMO-expressingThis indicates that cells inappropriately specified for
Local Cell Interactions Regulate Apoptosis
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Figure 4. Apoptosis of Cells Misspecified for
Dorsal-Ventral Position
(A) Wing disc showing GFP-expressing clones
(green). Wg expression (purple) marks the DV
boundary. d, dorsal; v, ventral.
(B) dLMO-expressing clones visualized with
anti-dLMO (green) were underrepresented in
the D compartment. Dorsal clones induced
ectopic Wg expression and caused over-
growth of the D compartment.
(C) Ap-expressing clones visualized with anti-
Ap (green) were underrepresented in the V
compartment.
(D) dLMO- and p35-expressing clones visual-
ized with anti-dLMO (green). More dorsal
clones survived and caused ectopic Wg ex-
pression and extensive overgrowth of the D
compartment.
(E) dLMO- and Trn-expressing clones visual-
ized with anti-dLMO (green).
(F) dLMO- and TrnC-expressing clones vis-
ualized with anti-dLMO (green).
(G) Histogram plotting the percentage of
clones located dorsally and ventrally. Only
clones in the wing pouch were counted. Ge-
notypes are indicated below. GFP-express-
ing clones (n  62); dLMO (n  79); Ap (n 
70); dLMO  p35 (n  103); Ap  p35 (n 
68); dLMO  Caps (n  81); dLMO  Tartan
(n  150); dLMO  CapsC (n  128);
dLMO  TrnC (n  97). Clones of dorsal
origin were identified by expression of Apter-
ous protein or expression of the apterous re-
porter gene ap-lacZ.
(H) Histogram showing the location of surviv-
ing clones within the D and V compartments.
Boundary indicates clones making contact
with the DV boundary, defined as the edge
of the ap-lacZ expression domain (e.g., arrow
in [B]). Internal indicates clones not making
contact with the DV boundary (e.g., arrow-
head in [B]).
clones were recovered in the D compartment. These 58% of dLMO-expressing clones were of dorsal origin
and were recovered in the D compartment, comparedwere round in shape and induced Wg expression at their
borders (Figure 4B). These observations suggested that to 30% when dLMO was expressed alone (Figure 4G).
Coexpression with Tartan yielded 54% dorsal dLMO-dLMO-expressing clones were preferentially lost from
the D compartment if they were unable to make contact expressing clones (Figures 4E and 4G). We also found
that expression of CapsC and TrnC were able to sup-with V cells (Figure 4H). Likewise, Ap-expressing clones
were preferentially lost from the V compartment if they port survival of dLMO-expressing clones in the D com-
partment almost as effectively as the full-length proteinswere unable to make contact with D cells. Loss of the
inappropriately specified cells was suppressed by coex- (Figures 4F and 4G).
Although Caps and Tartan are able to support thepression of p35. Under these conditions 48% of dLMO
and p35-expressing clones were of D origin, and 51% survival of dLMO-expressing clones in the D compart-
ment, the reverse is not true. Caps and Tartan expres-of clones expressing Ap and p35 were of V origin (Figure
4G). This indicates that inappropriately positioned cells sion are induced by Apterous but obviously cannot sup-
port the survival of Ap-expressing clones in the Vwere lost by apoptosis. Apoptosis of these cells oc-
curred when clones were induced in second instar. compartment. Moreover, we have reported previously
that ectopic expression of Caps or Tartan caused lossClones induced during third instar survived equally in
both compartments. Caps and Tartan are expressed in of clones by apoptosis in the V compartment (Mila´n et
al., 2001). In those experiments ventral Caps- or Tartan-D cells under Ap control in second instar wing discs.
Ectopic expression of Caps or Tartan caused clones to expressing clones that made contact with cells in the
D compartment either by sorting out or by sending longsort out toward the D compartment, suggesting that
these proteins may confer a preferential affinity for D cytoplasmic extensions were able to survive. The re-
maining clones were lost by apoptosis but could becompartment cells (Mila´n et al., 2001). To test whether
loss of Caps or Tartan expression contributed to the rescued by coexpression of p35. Thus, Caps and Tartan
do not appear to function as general survival factors.poor survival of dorsal dLMO-expressing clones, we
measured the recovery of clones coexpressing dLMO Their ability to support cell survival depends on the
developmental context. Caps and Tartan can mediatewith Caps or with Tartan. When coexpressed with Caps,
Developmental Cell
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Figure 5. Notch Signaling Is Required for the
Apoptotic Response in Cells Misspecified for
DV Position
(A) Wing disc showing clones expressing
GFP, dLMO, and Fringe (green).
(B) Clones expressing dLMO (green) and
Notch-ECD.
(C) Clones expressing Ap (green) and Notch-
ECD. Wingless (Wg) expression (purple) marks
the DV boundary.
(D) Histogram showing the location of surviv-
ing clones within the D and V compartments
of the wing pouch. Genotypes are shown be-
low: GFP-expressing clones (n  62); dLMO
(n  79); dLMO  fringe (n  38); dLMO 
Notch-ECD (n  88); dLMO  Mam-DN (n 
44); Ap (n  70); Ap  Notch-ECD (n  71);
Ap  Mam-DN (n  109). Clones of dorsal
origin were identified by expression of Apter-
ous protein or expression of the apterous re-
porter gene ap-lacZ.
cell interactions that prevent apoptosis of misspecified pathway in response to signals coming from adjacent
cells. Activation of the Notch pathway per se is notcells in areas where these proteins are expressed by
the surrounding cells (illustrated in Figure 6). sufficient to kill cells. Thus activation of Notch must be
interpreted in the context of other cellular signals to
elicit an apoptotic response.Notch Signaling Is Required for DV Apoptosis
Inappropriate expression of Ap in V cells or dLMO in D
cells led to ectopic expression of Wg due to activation
Discussionof the Notch signal transduction pathway (illustrated
in Figure 6). dLMO expression blocks Ap activity and
A Bidirectional Process of Cell Communicationprevents expression of Serrate and Fringe in D cells
The observations reported here support the view that(Mila´n et al., 1998). Fringe acts as a glycosytransferase
cell surface proteins provide information that cells canenzyme to modify Notch and render it insensitive to
use to assess the identity of their neighbors at multipleSerrate (Bru¨ckner et al., 2000; Fleming et al., 1997; Molo-
stages of development. Cells that are inappropriatelyney et al., 2000; Panin et al., 1997). Loss of Fringe in
specified for their position tend to be removed from thedLMO-expressing clones will lead to ectopic activation
imaginal discs by apoptosis. Our findings suggest thatof Notch, due to induction by Serrate expressed on the
loss of these cells may be triggered by signals comingadjacent wild-type cells. We therefore asked whether
from neighboring cells rather than by deprivation of tro-restoring normal Notch signaling by expression of Fringe
phic factors, as has been suggested for EGFR-depen-would prevent apoptosis of dLMO-expressing cells. This
dent cell survival in the CNS (Hidalgo et al., 2001; Berg-proved to be the case (Figure 5A; quantitation shown
mann et al., 2002). In the imaginal disc, these signalsin 5D). Coexpression of a dominant-negative form of
appear to be elicited by failure of the misspecified cellNotch, consisting of the extracellular and transmem-
to provide the correct cell surface cues to its neighbors.brane domains (NECD; Micchelli and Blair, 1999) was
We have presented evidence implicating the LRR pro-equally effective in preventing loss of dLMO-expressing
teins Caps and Tartan in mediating these cell interac-clones (Figures 5B and 5D). Coexpression of NECD was
tions.also able to suppress apoptosis of Ap-expressing
One of our most striking observations is that the extra-clones in the V compartment (Figure 5C). We noted that
cellular domains of Caps and Tartan are sufficient tothe effects of NECD in blocking Notch activation were
convey these cues in two developmental contexts. Bylimited to cells inside the clone. Ap-expressing NECD
analogy to the dual roles of EphB and EphrinB proteinsclones were able to induce Notch activity in adjacent
as both ligands and receptors (reviewed in Xu et al.cells, as were dLMO-expressing NECD clones. Similar re-
[2000]), we suggest that Caps and Tartan proteins servesults were obtained by blocking Notch activation in the
as ligands to identify cells to their neighbors, perhapsclones using a naturally occurring dominant-negative
by engaging a cell surface receptor. Failure to receiveform of the Notch effector, Mastermind (MamDN; Figure
this signal may cause neighboring cells to elicit a signal5D). This form of Mastermind protein blocks Notch sig-
that triggers apoptosis of the mispositioned cell. In thisnal transduction downstream of the constitutively acti-
context it is worth noting that Caps and Tartan canvated intracellular form of Notch but cannot block an
perform this function in situations where the surroundingactivated form of its DNA binding partner, Suppressor
cells also express these proteins but not where the sur-of Hairless (Gira´ldez et al., 2002). Thus, we conclude
rounding cells don’t express them, for example, in thethat apoptosis of the misspecified cells is due to inap-
propriate activation of the Notch signal transduction early V compartment (Mila´n et al., 2001). Thus, their
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ability to mediate cell interactions that support the sur-
vival of misspecified cells is context specific. They do
not appear to act as general survival factors.
Previous studies have noted that cells in the wing disc
often die in small groups (Mila´n et al., 1997), raising
the possibility that death signals may not be targeted
precisely at the defective cell. Although the nature of
the proposed death signal is not known, our results have
implicated activation of the Notch signaling pathway in
elimination of cells mispositioned with respect to DV
identity. Blocking Notch activation in these cells using
the dominant-negative NotchECD receptor or using a
dominant-negative form of the Notch effector Master-
mind was sufficient to prevent removal of these cells by
apoptosis. This indicates that loss of cells was due to
activation of the conventional Notch signaling pathway.
Miller and Cagan (1998) have reported a similar require-
ment for Notch activation in programmed cell death in
the eye imaginal disc. It is clear that Notch signaling is
not dedicated to elimination of cells. On the contrary,
wing disc cells unable to transduce the Notch signal are
lost (de Celis and Garcia Bellido, 1994). Thus, it is evident
that Notch signaling is used to cause apoptosis in a
specific context, in conjunction with other signals. Cells
may die when they receive a combination of signals
that indicate incorrect position. Dorsal cells expressing
dLMO lack Caps and Tartan, which mediate dorsal cell
Figure 6. Illustration of the Spatial Domains Where Caps and Tartaninteractions, as well as Serrate and Fringe, which influ-
Are Expressed at Different Developmental Stagesence Notch signaling. Restoring either category of cell
(A) Dorsal cells express Apterous (Ap). Ap induces Serrate (Ser) andinteraction was sufficient to suppress apoptosis of these
fringe (fng) expression in D cells. Caps and Tartan are expressed
cells. in D cells under Ap control. dLMO-expressing cells survive poorly
in the D compartment. Caps and Tartan can support survival of
dLMO-expressing cells in the D compartment, where the sur-Multiple Redundant Survival Cues
rounding cells also express Caps and Tartan. Serrate activatesIn the second larval instar, cells in the wing disc assess
Notch in V cells. Delta activates Notch, modified by Fringe in Dtheir DV position. Cells that are misspecified with respect
cells. Consequently, misspecification of DV identity leads to ectopic
to DV compartment identity tend to sort out into the appro- activation of Notch. Blocking Notch activation prevents apoptosis.
priate compartment. dLMO-expressing cells sort-out into (B) Dpp (red) is expressed adjacent to the AP boundary and forms
the V compartment. Ap-expressing cells sort-out into the D a symmetric gradient that induces Spalt expression in the wing
pouch (blue). Spalt represses Caps and Tartan and limits their ex-compartment. If mispositioned cells are able to contact
pression to the lateral regions of the disc. Caps and Tartan cansimilarly specified cells, they can survive. Although Caps
support survival of Spalt-expressing cells in the lateral regions,and Tartan are able to trigger cell interactions that pro-
where the surrounding cells also express Caps and Tartan.
vide dLMO-expressing cells with the information that
they need to survive in the D compartment, Caps and
Tartan are not essential for survival of dorsal cells.
cell death and activation of the JNK pathway (Adachi-
Clones simultaneously mutant for both genes survive
Yamada, et al., 1999).
equally well in D and V compartments. Caps and Tartan
are also used to generate a difference in medial-lateral
cell affinity during the third instar. Lateral Spalt-express- Cell Affinities and Apoptosis
Our findings indicate that apoptosis of misspecified cellsing cells are eliminated by apoptosis. Caps or Tartan can
suppress loss of these cells, but they are not required for is associated with loss of expression of specific cell
surface proteins. This correlates with alterations in cellsurvival of lateral cells. These observations indicate that
there must be additional cell surface proteins that are affinity. However, alteration in cell affinity per se does
not appear to be sufficient to drive cells into apoptosis.capable of mediating the cell interactions that are
needed in the dorsal compartment and in the lateral Removal of Caps and Tartan laterally caused affinity
differences without compromising clone survival. Like-region of the wing disc to support cell survival. In this
context it is worth noting that medial spalt mutant cells wise, spalt mutant clones caused ectopic expression of
Caps and Tartan and rounded due to differences in cellare not eliminated by apoptosis. Survival of medial cells
may depend on the activity of a second Dpp target gene, affinity in the medial part of the wing disc (summarized in
Figure 6). Caps- and Tartan-expressing clones survivedoptomoter blind (omb). Cells lacking omb in the center
of the disc are lost, and large mutant clones produce normally and remained well integrated in the disc epithe-
lium, despite these differences in affinity. spalt mutantextensive loss of wing tissue (Grimm and Pflugfelder,
1996; Lecuit et al., 1996). This type of strong wing-scal- clones were lost during pupal stages due to sorting out
of the clones from the epithelial sheet to form vesiclesloping phenotype is typically associated with massive
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of the shape of the clones. For a perfect circle, 4 A/L2  1.0. Lowerof mutant tissue, not due to apoptosis. Taken together,
values indicate more irregular shapes. For presentation, 4 A/L2these observations suggest that alterations in cell affin-
numbers were rounded off to one significant digit. t test analysis wasity are not the cause of apoptosis of mispositioned
carried out to determine whether the shape of mutant or expressing
Spalt-expressing cells. Apoptosis of these clones ap- clones differed significantly from control clones. In all cases, only
pears to be due to the absence of specific cell surface clones in the wing pouch were measured.
cell interactions that can be mediated by Caps and Tar-
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